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A

Introduptj o~
Dinuclear compounds of genera l formula M2L~ , in which two

directly bonded metal atoms M are surrounded by n ligands , L,
are an important class of non—classical coordination compl.x.s . ~
Synthetic procedures involving non-aqueous solvents and inert
a tmospheres have led to the discovery of dinuclear compounds for
virtually all the transition elements. At this time molybdenum
and tungsten show the most prolific dinuclear chemistry: literally
hundreds of compounds are known with metal—to—metal bonds of order
1, 2 , 3, 3.5, and 1~. Recent reviews have dealt with the ground
state properties and the electronic structures of compounds con-
ta m ing N-N quadruple and triple bonds.2 4  In this article the
rea ctions of dinuclear compounds are emphasized. it is this
author•s view that reaction schemes evolved for mononuclear
organotransition metal complexes will be applicable to dinuc].ear
comple~ois and furthermore , that dinuclear compounds may provide
building blocks for the systematic synthesis of new polynuclear
and cluster compounds. It is with this prejudice that recent
developnents in the dinuclear chemistry of molybdenum and tungsten
are discussed .

Pertinent to any discussion of a dinuclear compound is an
— appreciation of the metal—metal interactions, an assignment of

N—N bond order, its meaning and significance . A satisfactory
qualitative formulation of electronic structure and M-M bond
order can genera lly be obta ined by a simple ana lysis of the
synmtetry types of orbitals required to form M-L and N-N bonds
and a consideration of the syninetry properties of the metal
valence shell orbitala. A detailed knowledge of structural
parameters is therefore necessary. In the absence of detailed
calculations this approach must be considered qualitative and is
deemed satisfactory only if the conclus ions reached by arguments
based on syninetry and electronic configuration are in agreement
with the known ground state magnetic and structura l properties
of the dinuclear compound . A brief survey of structura l and
bonding considerations in dimolybdenum and ditungeten chemistry
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2
illustrates these considerations.

~t-M Bonds of Order Four

There is a large class of compounds conta ining a centra l
M02X8 skeleton CC ~ halide, 0, C , N , s) that has D4h synmsetry.
See Figure la. Examples from this class include Mo2C184 5 ,
Mo2 (C113)8 4 6 , Mo2 (O2CcH3)4 7, Mo2 (N2CPh3)48 and Mo2 (S2CoEt)49. —

Closely related are compounds of the type MO2XB_XYx. The ligand
2.6-dimethoxyphenyl (DMP ) provides an example of the latter class
where X C, Y 0 and x k, and the compound Mo2 (DMP)4
has the shortest Mo-to—Mo distance known.° [See Table 1 for a
comparison of N—N distance in compounds with N—N bonds of order l~~. J
In genera l MO2Xe..~Y~ compounds adopt symaetrical structures in
which the electronic configuration of each metal atom is the same.

In all of the above the formal oxidation number of moly-
bdenum is two and each molybdenum atom forms four a—bonds to

• l igand atoms us ing ~ ~~ ‘ p~, and dX2...y2 atomic orbital.. The
remaining four valence electrons per molybdenum form a M—M
quadruple bond: c,r2(d52_d

z2 ) ,  t4(d
~~ —d~~

, dy5—d~~). 82(d~y~ 1,~y )~
As a result of forming four M-X a bonds and a N—N quadruple

~ond each molybdenum attains a 16 valence shell electronic con-
figuration. Attainment of the inert gas structure, 18 valence
shell electrons, is often achieved by the axial coordination
(along the M—M axis) of neutral donor u ganda to give compounds
of the type M2X8L2 as shown in Figure lb. These M—L bonds may
involve metal p2 atomic orbitals which are not otherwise utilized.

This qualitative description of the bonding, which was
originally proposed by COt t0~ l2 , t3 for the isoelectronjc Re2C182
anion, is deemed satisfactory because it accounts for (1.) the
diamagnetic nature of the compounds (ii) the exceedingly short
Mo—Mo distances (See Table 1) and (iii) the eclipsed conformation
of the liganda. The latter is required by the formation of the
6 bond and ii found even when bridging bidentate groups are not
present . Recent SCF

~
X

~
—SW calcula tions 14 ’ 5 provide strong

• support for this picture of the N—N quadruple bond, particularly

• -
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3
when the metals are in low formal oxidation states and the
ligands are simple as is the case for Mo2C184 . The metal—metal
bonds are comprised mostly of d-d combinations. With higher
oxidation states and more complicated ligands such as RCa2 a
more complex orbital mixing pattern emerges in which M-M bonding
interactions a re  distributed over more than one molecular orbital
of the appropriate symmetry type.16 Nevertheless , the highest
occupied molecular orbitals retain a high degree of metal-metal
bonding character and for a number of dinuclear compounds which
adopt structures akin to those shown in Figure 1 a fairly simple
molecular orbita l configuration and M-M bond order assignment is
possible . For example , the series Mo2 (SO 4 ) 4~~~, Mo2 (S04 ) 4 3 and
Re2C14 (PR3)4 provide examples of compounds containing M—M bonds
of order k , 3.5 and 3 having molecular orbital configurations
(HOMOs) M—M a2 ir4 62 , a2

~
4 62 6*i and a2 1y4 62 6*2 , respectively .

Even more recently SCF_X
a~
SW calculations on Rh2 (o2cB)4(a 2o) 2

and Rh2 (02CH)4 have been used to predict 7 that the Rh—Rh bond
order is one in dirhodium compounds, Rh2 (02cR)4 ,  Rh2 (co3) 4 4 and
Rh 2 (SO4) 4~~~~, all of which adopt the dimolybdenum tetracetate
structure. The M-M MO configuration is predicted to be
a2 ir 4 62 i~*4 6*2 . This form of bond order assignment has a direct
parallel with that for the homo— and heterodinuclear molecules
and ions of the first short per iod of elements , such as , N2 ,
N0~~, NO , N0 and 02 . Its success in transition metal chemistry
for homodinuclear complexes of the 2nd and 3rd row transition
elements, which have geometries of the type shown in Figure 1,
follows because M—L a and a* molecular orbitals lie , respectively ,
lower and higher in energy than the molecular orbitals derived
from M—M interactions.

Rather interestingly tungsten has not been found to form
• W-W quadruple bonded complexes with nearly the same degree of

prolifei ation as it neighbors in the periodic table , molybdenum
and rhenium. Indeed, the first compound containing a W—W

• quadruple bond was only recently characterized structurally
lespite numerous earlier attempts. The mixed methyl—chioro—

_______
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k
ditungsten anion 18 W2Me8_~Cl~

4 , where x 2.5 and the octamethyl—
ditungsten anion , 19 W2Me94 were shown to adopt the Mo2Me84

structure. A W-W distance of 2.263 (2 )~ was found in the former
compound .

Several attempts to prepare the carboxylato compounds
W2(O2CR)4 failed to yield crystals.20 ’2 1  Indeed , there must be
some doubt tha t such compounds have ever been made since it has
recently been shown that the reactions between w (co)6 and certain
carboxylic acids yield trinuclear complexes which have a common
centra l [W 302 (O2CR ) 6 ] 2 + unit .22 , 23 There is an equilatera l
tria ngle of tungsten atoms (W-W = 2.75~ ) and the two oxygen atoms
not belonging to the RCO2 moieties lie on a 3—fold axis of
symmetry above and below the triangle 80 that the W302 group of -

•

atoms define a trigona ]. bipyramid.22

In somewhat related reactions involving M (C0)6 and aryl—
formamidines the M~M compounds, M2 CRC (NR ) 2)4 were isolated for
M = Cr and Mo2 4 , but for tungsten a rather unexpected and unusua l
compound was isolated , W2 (~g—CO ) 2 (~.t—CH (NR 2 ) 2 ) 2  (CR (NR 2) 2 ) (RNC}LN (R)CR2) ~~ 25

There a re also some compounds which may be presumed to have
M-M quadruple bonds but which do not adopt structures akin to those

n Figure 1. Two such compounds are Mo2 (a ilyl) ~ and W2 (C8H8)2 .
Molybdenum and chromium form isostructural allyl compounds

• M2 (C 3H 5) 4  which ha ve a pair of bridging allyl groups and a pair
-
‘ • of terminally bonded 113—C3H5 liga nds . The M—M distances are 1.97 (3)

and 2.183(2)~ for M = Cr26 and Mo27 , respectively. These distances
fa l l  in the typica l range observed for M~M bonds of these elements
(see Table 1). Thus , the short M-M distance , the dia magnetism

and the existence of the central M24+ moiety suggest the likelihood
of a M—M quadruple bond in these compounds . Ra ther interestingly
a Re-Re triple bond , M_Mc72114 62 6*2 , has been proposed28 for

• . Re2 (a 13.yl)4 as a result of a structura l characterization and a
calculation using the Hartree-Foclc-Rootham SCF method in the
Fenske Rail approx imation . Thus it seems likely that in Mo2 (al].yl ) 4 ,
the basic M02 4+ unit containing a N—N quadruple bond is present .

In the a ir—stable compound W 2 (C 8H 8) 3  there are two terminally

_ _ _ _ _ _ __ _ _ _ _ _  .. -~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~
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5bonded t)4-C8E8 u ganda (one per tungsten atom) and one bridgingCeHe ligand 29 The W—W distance is 2.375 (1)1, which is longer by• 
~~~~~,. O.12~( than many w—w triple bonded compounds discussed later.

• Despite t~e length of the bond a w-w quadruple bond was 8uggeste€~dIlsince (i) the diamagnetjs~ requires an ever~ bond order and (ii)a w—w double bond would be expected to be lánger (see later).This last Compound to be discussed, w2 (C8H8)3, obviously hasquite a different electronic structure than- the M2X8 (Figure 1 )type compounds .
If the C8H8 u ga nda are considered to carry no forma l chargethen the formal oxidation number of tungsten is zero. The bondingbetween two “naked” Group vi transition elements M2 provides forthe potential formation of 8 sextuple bond: 1a

g
2 ( d 2;d 2 ) ;

u xz,yz xz,yz ‘ 6g Xy,x2_y2 xy,x2_y2 a~ ~Recent SCF-X -Sw calculations on Mo2 do predict a sextuple bondof this type having the 2ag
2 as the HOMO and contributing littleto the net M-M bonding,3° and, a MO-Mo distance of 2.121 wascalculated to have minimum energy cf. M-M distances for Mo~4o inTable 1. -

By metal atom—argon matrix condensation experiments, Mo2has actually been prepared and its U.V.-visjble spectra]. propertiesrecorded.3° An extended Huckel—calculatjon was also undertaken3°which led to the following orbital configuration la
g

2 s 
~~u

4
’ 2ag

2 . 1116g
4• The HOMO lôg

4 was considered non-bonding or at least not 
•
~

contributing to the net Mo-Mo bonding and thus a bond order ofwas considered most appropriate for Mo2: cf. bond order 6above. 
- 

-

M-M Bonds of Order Three

An extensive coordination chemistry surrounds compoundscontaining M—M triple bonds in which the metals atoms are eitherin oxida t ion state +1 or +3, and are coordinated to either 3, k ,5 or 6 ligand atoms .32 Since the formation of a M—M triple bondrequires the use of 3 metal valence orbitals, the tota l numberof meta l valence orbitala may va ry from 6 to 9 and the number of 
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meta l va lence electrons from 12 to 18.
M2X8 compounds OC = R,33’3’ NR2 35 ’36 and 0R~

7 3
~ ) adopt

- 

• staggered ethane—like geometries; the central M2Et; skeleton
(E = C, N, 0) has D3d symmetry and the M-M—E angles are 

~~~~~~~ . iO~4°.
Figure 2 shows two views of the Mo2 (NMe2)6 molecule which is
representative of this class of compounds . A number of closely
related derivatives of genera l formula M2X2 (MR2 ) 4  where X = Cl ,
Br , I , CU 3, C2H5 and CH2SiMe3, R = Me or Et , have been made a nd
have been shown to adopt 1,2 disubstituted ethane—like geometries.~
From hydrocarbon solutions they crystallize in the anti-conformation

• but in solution both anti— and gauche-rotamers may be present .
Figure 3 shows a view of the W2C12 (NE t2) 4 molecule which is
representative of the M2X2 (MR 2 ) 4  class of compounds . The centra l
W2C12N4 skeleton has C2h symmetry .

In both the M2X8 and M1X2 (MR2) 4 classes of compounds there
are triple bonds between metal atoms that are coordinated to only
3 1.igand atoms. As a result of M-X a—bonding and the formation of
the M—M triple bond, the meta l a toms use only 6 meta l va lence
orbitals and achieve only a 12 valence shell electronic configur-
ation. When X = OR and NR2 ligand to metal ir-bonding is also
possible and allows the metal atoms to increase their number of
valence shell electrons. Direct evidence for ligand—to—meta l

-• 
- ir—bonding is seen by the short M-N and M—O distances and, in the

case of X = MR2, by the planarity of the N-NC2 Units.~°
In Mo2 (OSiMe3)6 (H&Me 2)24’ and Mo2 (O2coBu

t)2 (OBut)4 there
are M—M triple bonds between molybdenum atoms that are coordinated
to four ligand atoms in an approximately square planar manner.
A view of the Mo2 (OSiMe3)8 (HNMe2 ) 2  molecule is shown in Figure i4•
Note the partially staggered conformation of ligand atoms. A
triple bond composed of one a plus two equivalent if components
(a(d12—d52), if(dxz Idyz~d~~I d~~

)] places no restriction on con-
formation ~j. Mo~Cl 84 and related molecules and ions where one
6—bond is formed by a specific d —d interaction. In
Mo2 (O2COBu ) 

2 (OBu ) 
~~
, however, there are bridging O2COBu Uganda

which lead to an eclipsed Mo208 conformation.42
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- The compounds W2Me2 ( O2CNE t2 ) 4  and W2 ( O 2CNMe2 ) 6  ha ve been
shown43 to adopt closely related structures having virtual C2~
symmetry and provide examples of compounds containing M—M triple
bonds between meta l atoms that are coordinated to 5 and 6 ligand

I atoms , respectively. The centra l w2c2 (o2c) ~ skeleton of the
W2Me2 (O 2CNEt2 ) 4  molecule is shown in Figure 5 and the W 2 ( O 2C) ~
skeleton of the W2(O2CNt4e2)6 molecule is shown in F igure 6. In
both molecules there are two bridging dialkylcarbamato ligands ,
R2NC02 ,  and each tungsten a tom is at  the apex of an irregular penta—
gonal pyramid. The basal vertices of each pyramid are defined
by the two oxygen a toms of the bidentate non-bridging carbama to
l igand , one oxygen atom from each of the two bridg ing carbainato
groups and either an oxygen atom from a carbamato ligand in
W2 ( O 2CNMe2 ) 6  or a methyl carbon atom in W2Me2 ( O 2CNE t2 ) 4 .  In
W2 ( O 2CNMe2 ) 6  the second oxygen atoms from the non-bridging carba —
mato ligands which are axia lly aligned coordinate weakly a long
an extension of the W—W triple bond .

In all of the above compounds a simple analys is of the
symmetry types of orbitals required to form M-M and M-L bonds

• and a consideration of the symmetry properties of the meta l
~• • ~alence shell orbitals leads to a satisfactory qualitative formu—

lation of structure.
The M-M triple bond is formed primarily by overla p of

~~~~
- metal dz2 orbitals to give a a—component and metal ~~~~ ~~~

orbitals to give the IT—components . This assumption has been
supported by SCF-X~ -SW ca lculations on the molecules Mo2 (OR)6 ,
Mo2 (NH2)6 and Mo2 (NMe2 ) 6 . 4 4  For the M2X6 molecules the M—L
a—bonds may use meta l ~~, and p~, orbitals. Ligand to metal

IT-bonding , wh ich is important when X = OR and NR 2 ,  involves the
metal d and d 2... 2 a tomic orbitals .44  In Mo2 (OSiMe3)8 (HNMe 2 ) 2
and Mo2 (O2cOBu )2  (OBu ) 

~ the four quasi-square-planar M-L a-bonds
use ~~, 

~~~~~~~ 

p~ and d
X2_Y2 meta l orbitals. In the W 2Me 2 ( O 2CNEt2 ) 4

a nd W2 (O2CNMe2 )  ~ molecules the five qu~~ i —coplanar bonds to the
ligand atoms may use s , p

~~
, p .  dxy 

and I
~
2y2 

orbitals. In the
case of W2 (O2CNMe2 ) 6  the tungsten p~ atomic orbitals may also

L ~ •-~~•—-- ——-———. . —--•-------—•-—--—-- —- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - - -~~~~ - -—~~~~——-
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I
be employed in the format ion of the weak axia l W-O a—bonds.

In addition to the aforementioned compounds which involve
triple bonds between meta l atoms J.n the ir formal oxida t ion state
+3, there are the compounds (C5R5)2M2 (co)4, where M = Cr , Mo , W
and R = H and Me, which involve metal atoms in a formal oxidation
state +1 and may be considered to have M—M triple bonds on the
basis of (i) their diamagnetism (ii) attainment of an 18 valence
shell electronic configuration by the metal atoms and (iii) the
short M—M distances.45 ’46 Compare , for example, the Mo—Mo dis-
tances of 2.448(1) and 3.235(1)1 which are found in Cp2Mo2 (CO)446
and Cp2Mo2 (co)6,47 respectively. The M-M distances in these
compounds are , however , longer than those found in the compounds
containing M-M triple bonds when the metals (M = Mo, w) are in
their forma l ox idation state +3.

M-M Bonds of Order Two

At this time M-M bonds of order of two are relatively rare.
Indeed, no compounds are known which have M—M double bonds unbridged
by ligand atoms ~~48 The compounds Mo2 (OBu

t)o ( co )4 9  (Mo-Mo = 2.498(1)1)
and Mo2 (OPr 1)8 ~~° (Mo—Mo = 2.523 (1)1) have been structurally char—

• acterized and their geometries are shown in Figures 7 and 8,
respectively . In both molecules the molybdenum atoms are
coordinated to five ligand atoms. In Mo2 (OBu

t
)e (co ) the geometry

closely approaches that of a square based pyramid with the
carbonyl carbon at the apical position while in Mo2 (OPr’)6 each
molybdenum atom is at the center ~.f a distorted trigonal bipyramid.
The Mo-Mo distances fall between those of Mo-Mo triple bonds (see
Table 2) and those of Mo-Mo single bonds,5’ which together with
the observed diamagnetism (this requires a M-M bond of even order)
suggests a M-M bond of order two.

Certa inly there is a metal—to-metal bond in Mo2 (OPt’)8.
This is quite evident when a comparison is made between the
closely related compounds Mo2 ~ 

and Mo2 (OPr~i6 (NO)2 • 
52 See

Figure 8. In both compounds there is essentially trigonal bi—
pyramidal coordination about each molybdenum atom and there is a
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= pair of bridging 0Pr~ liganda which form alternately long (axial)
and short (equatorial) Mo-Q bonds. The most striking differences
between the two structures are Ci) the Mo—to—Mo dista nces (see
Figure 8) and the angles of the planar Mo2 (M-O)2 moieties. These
differences are readily accounted for by simple ligand field con-
siderations. For a five coordinate transition metal ion in a
trigonal bipyramidal environment the metal atomic orbita].s of
lowest energy are the 

~~~ 
and 

~~~ 
atomic orbitals; these are not

- - - 
involved in M-L a-bonding. For Mo2 (OPr’)6 (NO)2, which in a formal -

sense may be considered to have molybdenum atoms in an oxidation
sta te of +2 (a linear M-N-O moiety may be viewed as M .- (NO+) )
there are four electrons in the 

~~~~~ d~~
) orbitals. These have

the correct symmetry to bond to the NO1T* orbitals and are exten-
sively used in this back bonding as is indicated by the low value
of v (N-O) 1630 an ’ and the short Mo—N distance 1.7511 (7)1.53

In Mo2 (apr’)8, the formal oxidation number of molybdenum is +4.
Each molybdenum atom has two 4d valence electrons which by dxz~dxz
and dyz

_d
yz internuclear interactions may form a M—M double bond.

The ditungsten compound W2 (p-CU (NH) 2) ( u-CO)2 (CU (NH ) 
2 ) (CH2NRCRNR )

has a W—W distance of 2.464(3)1.25 The short W—W distance, together
with the observed diamagnetism (wh ich implies a M—M bond of even
order, 0, 2, 4) suggests a w-w bond order of two. However, there
must always be room for speculation about M—M bond order when there
are atoms bridging both metals . This is particularly apparent in
the chemistry of Mo—Mo single bonds which vary greatly in length

— 
- depending upon oxidation state number and the character of the

u ganda present.51 Whenever bridging groups are present it is
not possible to distinguish unequivocally between the direct
coupling of electron spins (M—M bonding) and indirect coupling
through the bridges.

N-N Bond Strengths

It is likely that there is at least a reasonable correlation
between M-M bond length and bond strength • D (M-M) . Compounds
conta ining long unbridged M-M single bonds are known to react by
homolytic or heterolytic M-M cleavage. For example, the M-M
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distance in ((T~

3—C3H5)Fe(CO)3J2 and [(1~
5—C5H5)Mo (co)332 are

3.138 (3) (Fe—Fe)54 and 3.235 (1)1 (Mo—Mo) and the enthalpies of M—M
dissociation, D (M—M ) are 56 kJ mol t 54 and ~~~~~~. 125 kJ mol ’,~~ =
respectively. For compounds with M-M quadruple bonds which have
very short M-M distances there have been varying discordant
estimates of D (M—M) ranging from the exceedingly large58 to the
surprisingly low.57

To date, however, there has only been one estimate based on
thermochemical arguments. For the compounds (Me2N) 3M~ 4(NMe2)3
the heats of formation, ,~Hf(g), were determined to be (±5 kJ mol~~ )

• 133.9 (M = Mo) and 137.5 kJ mol ’ CM = w). The bond entha].py of
the triple bond , DIM M), can only be determined from these values
if DIM-N) is known and herein lies the rub. A “reasonable guess”
can be made based on the known values of U(M-N ) for mononuclear
compounds Mo (NMe2)4 and W (NMe2)6 for which D(Mo-N) = 255 ±5 kJ
mol ’ and ~~Iw—N) = 226 ±5 kJ mol ’. Using these values directly
one obtains an estimated D(Mo Mo) = 393 kJ mol 1 and D(W ~~tj )

= 945 kJ mol ’. Certainly it is most unlikely that the strengths
of these triple bonds differ by so much, which merely points to
the problem of taking even a “rea sonable guess” at the value of
r CM—N) in M2 (NMe2 )6 compounds. Nevertheless , it does seem that
0 (M N) are large in M2 (NMe2 ) 6 compounds , though probably not
as strong as the strongest of homonuclear bonds D(N ~ N) =

946 kJ mol ’.

Solution Behavior

There is abundant spectroscopic evidence to support the
view that dinuclear compounds with M—M multiple bonds exist in
solution as discrete molecules or ions and, furthermore, that
their configurations are essentially the same as those determined
crysta].].ographically. The M024+ unit (M~M) even seems to exist
as an aquo ion Mo2 (aq)~

1 under certain conditions.59 Since all
dinuclear compounds with M—M ~~~~~ of non fractiona l order are
diamagnetic their solution behavior may be investigated by nmr
techniques.
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‘H, 13C and 31P nmr studies of the neutra l comp ounds M02X 4L4 ,

where X = a halide or alkyl group and L = PR 3 or P (OR ) 3, show
that in solution these compounds may be present in various isomers
which result in the geometric a rra ngements of the two MoX2L2
units ~6O , 61  The ethane—like compounds M2 (NR2)8 and M2X2 (NR2)4
CM ~ M) display interesting dynamic solution behavior. They are
molecular propellers62 with each NC2 unit acting as a blade. On
the nmr time scale rotations about M—N bonds are fast and slow
at high and low temperatures, respectively. The high and low
temperature limiting ‘H nmr spectra for w2cl2 (NEt2)4 are shown in
F igure 9 and are illustrative of this point . The low temperature
spectrum is entirely consistent with the freezing on the nmr time
scale of the structure found in the crystalline state which is
shown in Figure 3. There are two types of N-Et groups, namely
proximal and distal ethyl groups which, lying over and away from
the metal—to-meta l triple bond, are deshie lded and shielded ,
respectively.63 On raising the temperature these two ethyl groups
interconvert more rapidly until the spectrum corresponds to the
time averaged proximal ~ distal exchange resonances. At both
high and low temperatures the Et 1H spectra correspond to ABX3
spectra since the methylene protons are diastereotopic. From
this and other observations on related compounds it has been
argued that the only reasonable mechanism for proximal # distal
exchange involves rotations about 14—N bonds.84

While the 1H and 13C nmr spectra of M2X2(NR2)4 compounds,
where X = a halide , are consistent with the presence of only the
anti-rotamer in solution, the dialkyl compounds CX = Me , Et ,
CH2SiMe3) exist in solution in both anti and gauche conformers .
In the gauche conformation the central M2C2N2N2 skeleton has C2
syimnetry with nitrogen atoms which are either mutually anti or
ant i—to-carbon a toms. The low temperature limiting 13c nmr
spectrum of Mo2Et2 (1Th1e2)4 is shown in Figure 10 and illustrates
th is point . This spectrum can only be reconciled with the
existence in solution of a mixture of anti and gauche conformers
of (Et) (Me214) 2Mo Mo (NMe2 ) 2 (Et) •65 At higher temperatures the
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proximal and distal N—Me resonances coalesc, but anti ~ gauche
iaotnerjzation remains slow on the nmr tim. scale . For —

W2(cH2SiN.3)2(~jzt2)4 th. energy of activation for anti-to—gauche
isomerization was determined to be 100 ± 8 kJ mo1’. The

• compound. 
~~~~~~~ 

(OBut)4 and Mo2Et (O~u
t)5 show variable temperature

runr spectra which are consistent with the view that rotation about
the Mo Mo bond is rapid on the mar time sca le, even at — 8 o c .~~
A significant difference between the dialkylamido and alkoxy

- • 

compounds is the cogging effect of the NC2 units in the former .
Certainly as the bulkiness of the ligand. decreases in these
M2X6 compounds the barrier to M ~ M rotation is expected to get
lower. Indeed calculations by Albrigbt and Hoffma n , 67 which
ignoresteric effects , predict eclipsed ground sta te geometries
for the molecules M2H8 and M2C16.

REACT IONS

Little is known about the pathways which lead to the form-
ation of dinuclear compounds with M—M multiple bonds. They may
be forme d by either the coupl ing of two mononuclear species or
by the elimination of a dinuclear species from a cluster . The
formation of M~~2 (o2c~ ) 4  compounds (M~ 4) in the reaction between
Mo (CO) 6 and RCO2H is an example of the former and the format ion
of W2 (Iêje2)8 (w w) in the reaction between (WC 14 J X  is an
example of the latter .°8 Dinuclear compounds ha ving M—M multiple
bonds are often readily accessible via reactions involving other

• H M-M multiple bonded compounds .

Ligand Substitutions.

Some of the reactions associated with the Mo2~~’ moiety
(Mo ~ Mo) are shown in Scheme 1. Analogous reactions involving
the W2 4~ unit are not established . In Scheme 2 a number of
reaction, involving the M28+ (14 M) unit are shown. Here an
extensive dinuclear chemistry has been establ ished for both
molybdenum and tungsten, though differences do exist between
the reactivity patterns of these elements.

H Two types of ligand substitution reactions are shown in
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Schemes 1 and 2. The first involves the reaction of an M-X bond
with an organic substrate containing an active hydrogen atom
and is exemplified by the reaction of 142 (NMe2) 8 compounds with
alcohols which yield K2 (OR)6 compounds with the elimination of
amine . The second involves the nucleophilic displacement of
one ligand by another which may or may not be accompa n ied by an
overall change in charge of the complex . No doubt future syn-
these. along these lines will yield an even larger number of
tr ipl. and quadruple 14-14 bonded compounds .

Little ii known about the deta iled mechanicrn of ].igand
substitution reactions at these dinuclear centers and this is
clearly an important area for future research. It was noted that
anti-W2c12 (~Et2) 4 reacts stereospecifically with LiCH2SiMe3 to
give anti-v2 (CH2SiM.3)2 (NEt2)4, which once formed slowly
isomerizes to the gauche rotamer.86 ,69 This observation strongly
supports the view that (i) the W-W bond is not cleaved during the
R—for-Cl substitution reaction and (ii) alkyl—for—chioro group
exchange proceed. with retention of configuration at tungsten .
Ra ther interestingly , aJ~ti—W2cl (cH2S1j(e3) (NEt2)4 was not detected
&~uring the course of this reaction. Apparently the introduction
of one alkyl group labilize. the second R-for-Cl. exchange in the
anti—position . This is reminiscent of the h igh trans-influence
and ~~~j~j —effect exerted by alkyl groups in square planar
plat inum (I1) chemistry .7° Such a genera l effect in dinuclear
chemistry remains to be established, however.

Lewis Bass Association and Dissociation

Certain compounds containing the centra l 1402 4 *  moiety Cr4 ~ K) =will. reversibly coordina te two neutral ] igands along the axis of
the Mo-Mo bond . ‘ This interconvert. compounds of the type shown
in Figure la with those in Figure lb. The Mo-to—a xially coordina ted
l igand atom distances are long and have little effect on the
Mo-to—Mo distances. Similarly a number of alkoxy compounds con-
taining the centra l I4~~~ moiety (M s 14) will reversibly add donor
ligands according to the genera l eq. 1. The equilibrium position

— 
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1. M2 (OR)6 + 2L 1402 (OR)~ L2

in 1 depends largely on the steric properties of R and L, the
adducte being favored by less bulky R and L groupg .3~

The compounds 1402 (OSiMe3)8 (HNMe2 )2 4 1  and W2 (OPr i)~; (py)~~
7

— 

- have been structurally characterized . In both compounds there are
unbridged 14 M bonds whose distances are within the range found
for other compounds containing the centra l 1426+ moiety. See Table
2. The *~3N units are square based pyramids and the orientation
of the metal—ligand bonds with respect to the M-M bond is pa rtia lly
staggered as shown in Figure k.

In contrast to the above, where coordination of donor liga nds
-= occurs without disruption of the M-M multiple bond, the compounds

Cp2M2 (co)4 react with donor ligands (PR3, Ca) to form Cp2M2 (co)4L2
compounds with a great increase in metal—to—meta l distance. Compa re ,
for example , the Mo—to — Mo distances of 2 .kk8 (1) and 3.235 (1)~found in Cp2Mo2 (co)446 and Cp2Mo2 (CO ) 6 47 . respectively. The change =
in Mo—to—Mo distance may readily be accounted for by considerations - 

-of the electronic configuration of the metal atoms • In Cp2Mo2 (co) 4
each molybdenum attains an 18—valence shell electronic configuration =
as a result of forming a metal—to—meta l triple bond . Addition of
four electrons to the central 14 M moiety and the formation of
two M—L bonds reduces the M-M bond order to one in the adducts
Cp2M2 (co)4L2. In this way an 18 valence shell configuration for
ea ch molybdenum atom is mainta ined .

Insertion Reactions

M-C (alkyl),72 14-N (dialkylamide)4° and 14-0 (a lkoxide ) 73 bonds
are known to undergo a large number of insertion reactions which
may be represented by the general eq. 2, where X = R , NR2 and OR

2 M-X + Un ~~~ M-un-X

and un = an unsaturated molecule .
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Thus far only the reactivity of M2X6 compounds CX R , NR~,

and OR) towards CO2 has been investigated in detail . Insertion
into K—MR2 and M-OR bonds occurs readily, but no reaction is
observed for M-R bo nds. This ii clearly seen in the reaction
between W214e2 (NEt2)4 and CO2 which gives W2Me2 (O2cNEt~)4 .~~ ‘

Insertion into M—NR2 bonds is irreversible and proceed. via
an amine catalyzed sequence: RNR2 + CO2 HO2CNR2 ;
M-NR2 + HO2CNR2 —+ M-O2CNR2 + HNR2. 74 Insertion into 14-OR

• bonds in the reaction between M2 (OR)8 and CO2 to give M2 (OR )4(O2COR)2
compounds is readily reversible and occurs by a direct mechanism .42

— Reductive Elimination

A reductive elimination of an X-Y group across a meta l—to—
metal bond of order n could yield a compound conta ining a metal-
to—metal bond of order n + 1. Several of the compounds described
previously should serve as excellent models for this type of reaction .
For example, when the compound Mo2Et 2 (NMe2)4 reacts with CO2 equi-
molar amounts of etha ne and ethylene are liberated .65  The molybdenum
conta ining product was formulated as Mo2 ( O2CNMe2 ) 4  (14 M) on the
basis of analytical and spectroscopic data . Thus it appears75

that the reaction with CO2 to give the carbamato liga nd , Me2NCO2
promotes a s—hydrogen elimination reaction , Et-M~~1—Et —

~~~~

• Et—M~~(—ff + C2H4, which is followed by a C—H reductive elimination
across the 14-14 bond, Et-M~M-H —

~~~~ M~M + Et-H. —

~• It has also been noted that both Mo2 (CH2SiMe3)634 and
1402 (oPr~ie 76 react with acetic acid to yield upon subl imation
M~2 (OAc)4. Here a 14-14 triple to quadruple bond transforma t ion is
unequivocally achieved (both of the starting compounds and the

- product have been structura lly characterized by X-ray crystallography)
but the deta iled reaction pa thway and the na ture of the eliminated
organic compounds are not yet known.

Oxidative Addition

The addition of an X—Y substrate across a M-M multiple bond
of order n could yield a compound having an 14-N bond order n — 1.
There are at present very few structurally cha racterized examples
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of thi. type of conversion and in those tha t are known there is
a lways an introduction of bridging atoms: an intramolecular
Lewis Base association reaction accompanies or follows the
oxidative addition process. A rationale for this observation
may well rest in the fact that oxidative addition increases the
effective positive cha rge on the meta l a toms and that this i. —

compensated for by an intramolecular Lewis Base associa t ion
reaction . Since the formation of meta l—liga nd—meta ]. bridges

- - changes both the number of meta l a tom valence shell electrons and
the hybridization of the metal atoms cha nges in M-M bond order
from n to n — x where x — 12..n are possible .

Addition of mc to the anion Mo2X84~ where x = Cl or Br, has
been shown under certa in conditions to yield the anions Mo2 (H)X 83
which adopt structures akin to that of the M02C193 anion , having
a br idging hydrogen atom and a pair of bridging X groups . The
anions 1402 (ø)x83— are diamagnetic and have short Mo-to-Mo distances
(f or x — Cl , Mo—Mo — 2.38O (1)~~) .  The reaction can be considered
to bring about a M-M quadruple to triple bond transformation ,
though the triple bond is obviously quite different from that
previously described for the unbridged M2X6 compounds conta ining
the centra l 1428+ moiety.

The conversion of Mo2 (OPr i)e to 1402 (OPr~ )8 (Figure 8) may be
viewed as a metal—to—metal triple to double bond transformation,
though as previously noted there must a lways be some room for
speculat ion about M—M bond order in the presence of bri-iging ligand
atoms . The reactions between 1402 (S2cOEt2 ) 4  CM E M )  and the halogens
12 and Br2 yield M02X2(S 2COEt) 4 compounds (x I or Br) . 78 The
structure of the ox idative—addition products is shown in Figure 11.
Each half of the centrosynmietric dinuclear molecule consists of a
plana r Mo (s2co) unit with a ha logen atom bonded perpendicula r to
the mean M0S4 plane . Th. two halves of the molecule are joined
with each molybdenum atom lying over one of the S2C groups of the
other half of the molecule so that it is bonded to both S a toms
(mean Mo—S — 2 .kk~ ) and the C atom (Mo-c — 2.3O2~( ) .  This side-on

S2c group may be viewed as a 14 electron w-donor . Atta inment of an

-~~~ 
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18-electron valence shell configuration for ea ch molybdenum atom
is achieved by formation of a metal-to-metal single bond . The
observed Mo-to—Mo dista nce , 2.72O (3)~~, is well within the range
observed for Mo—Mo single bond.. The change in M-M bond order ,
four to one , which accompanies the reaction could not have been
predicted but may be ra t ionalized with judicious hindsight: (1) The
structural characterizations of M02X2 (S2coEe)4 compounds provide
the first examples of 1’-bonded S2COEt group. (2) The structure

I of a number of closely rela ted M2X2 (O 2CNR 2 ) 4  compounds are believed
to adopt the W 2Me2 (O2cNEt2)4 CM M ) structure6~ shown in Figure ~~.
(3) The rationale must lie in the different nature of the O2CNR2
and S2CQR ligands and their ability to respond to the needs of the —

M24+ and M26+ dinuc].ear centers. There must, however, be a
delicate balance between M—L and M-M interactions in these M26+
systems. Further it may be noted that attempts to prepare

— Mo2(S2CNEt2)4 CM 14) by the reaction of Mo2Cl84 with NaS2CNEt2
yielded a diner having the expected empirical formula but having
the structure shown schematically in Figure ~~~~ Although the
deta iled mechanism leading to the formation of this product is
not known it may be viewed as a forma l C = S addition to the M-M
quadruple bond. h ere a really very surprising difference is seen
between the xanthate , S2COR and the dithioca rba ma to ligand ,

S2CNR

Clearly the reactivity o~ compounds conta ining M—M multiple
bonds towards oxidative addition reactions is going to be as
complex and is at present much less predictable than alogous
reactions involving mononuclear transition metal complexes. This
is pa rticularly apparent from the unusual modes of bonding and
reactivity of S2cx ligands discussed above.

Reactions of M—M Multiple Bonds with Small Unsaturated Molecules

CP2M2 (CO)4 compounds react in solution under very mild
conditions with a large number of unsaturated organic molecules,
tin, to form 1: 1 adducts Cp2M2 (co)4 (un) , where M=Mo and W . The
compounds where M = Mo and un = PhC ~~Ph,8° EtC ~~ HC ~~H,8°
CH2=C=CH28’ and Me2NCN82 have been characterized by X-ray
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crystallography. In all cases tin acts as a four electron donor
ligand and spans the 7402 bond in a manner shown schematically in
Figure 13. The Mo—to—Mo distance increases in length from
2.241l8( 1)~( in Cp214o2 (CO)4 to 2.9714 ( 1) ,  3.015( 1) and 3.)17(1)~ in
the adducts Cp,~~o2 (Co)4 (un), when tin = HC~~H,8° Me2NCN 62 and
CH2 C=CH2,81 respectively. This is tantamount to a M—M triple
to single bond tra nsformat ion .

The a cetylene adducts share a common Cp2Mo2 (co ) 4c2 structure
in which there is a cross—wise acetylene bridge (i.e. a psuedo
tetrahedra l t4o2C2core ) typica l of tha t found in ma ny other
dinuclear acetylene complexes . The a symmetry of the Cp2Mo2 (CO)4
moiety presumably arises from interna l steric crowding. In the
adducta where un = Me2NCN and CH2~~=CH2, the Cp2Mo2 (co ) 4 moiety
adopts a more relaxed geometry having virtual c2 symmetry .

Allene bridges the Mo-Mo bond obliquely, a manner which allows
one of the a13ene IT—orbitals to dona te an electron pair to one
molybdenum while the other orthogonal allenic 11—orbital interacts
with the other molybdenum atom.

In the dimethycyanamide adduct the central NCN angle is 135°
and the five non—hydrogen atoms of the Me2NCN moiety lie in a

j  plane . The bridging Me2NCN group thus donates a nitrogen lone
pair to one molybdenum atom and a CN IT-electron pair to the other

In a recent communication Stone and his co—workers83 have
shown that the reaction between Cp2M2 (co)4 compounds (M 14, M Cr ,
Mo) and acetylenes proceed in a manner shown in Scheme 3 under more
forcing conditions . Here the oligomerization of acetylenes about
a dinuclear metal cent6r is seen to proceed in a sequencial manner:

— M2C~ —
~~~ 142C4 —

~~~ M~C6 —b M2C8 and the metal—metal inter-
actions are seen to change in response to the binding requirements
of the hydrocarbon unit: an 18 va lence shell electronic con-

- - figura t ion is ma inta ined by the metal atoms.
The alkoxides Mo2 (Oa)6, where R = But and Pr~ have also been

found to react rapidly at room temperature with acetylenes, alienee
and cyanimides but at this time no structural data is available on
the products of addition.7~ Some interesting differences might be
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19expected here since the nature of the M—M triple bonds in thecompounds Cp2M2 (Co ) 4 and M2 (oa)6 differ, markedly.Mo2 (OR)6 Compounds (R = But and Pr1) react readily withcarbon monoxide to give Mo (co ) 6 and oxidized molybdenum alkoxides.7The reaction between Mo2 (OBut)e and CO has been shown to proceedvia an initial reversible step involving addition of CO across theM-M bond to give Mo2 (oBut)6C0, ~~ the structure of which is shownin Figure 7. This is a carbene_like addition and brings about ametal—to_metal triple to double bond transformation M~M + X:
~~~~~~~~~~ M =  14, which could be a general reaction for a number ofX: substrates eg X: = RNC, R2c and organometal~j~ carbene_ljkemolecules such as Fe (CO)4 and PtL2 . 84

Cp2M2 (Co)4 and Mo2 (OR)8 react with nitric oxide to yield2 CPM (CO)2NOss and M02 (OR)6(NO)2 52 compounds, respectively. Nitric ox-ide cleaves the MEM bond. In a forma l sense, these reaction ofM-M triple bonds with NO to give two M-NO groups Correspond tothe replacement of the Mo~Mo bond ( a a bond plus two IT—bonds)by two Mo~ 14-O bonds . Aga in there is a a-electron pair andtwo 11—electron pairs shared by a molybdenum atom and its partner,which is now a nitrogen atom instead of another molybdenum atom.The values of i’(No ) in Mo2 (OR)6 (NO)2 Compounds ca. 1630 cm 1are indicative of extensive molybdenum to nitrogen IT_bonding.
— 

The structure of 
~~~ 

(0Pr1)8 (No)2 is shown in Figure 8 wherea comparison is made to the related dinuc].ear compound Mo2 (OPr’)8(Mo Mo). The bonding in these compounds was Previously discussed.The absence of any signifj ca~~ M-M bonding in the nitrosy]. compoundis not only evident from the Mo-Mo distance, 3.325 L but alsofrom the chemical reactivity of Mo2 (OR)6 (No )2 compounds with donoru ganda such as pyridine which yield 
~~~~1uclear complexesMo (OR) ~ (No) (L) ~76 The related com- .OBut)3 (No ) (py ) hasrecently been structurally char, 

~zed.
86 Again there istrigonal bipyrarnj~a~ coordjnatj on ’

~~out tungsten with the nitrogenatomg of the nitrosyl and pyridjne ligands forming, respectivelyshort and long axial bonds.
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~~j.lding Blocks for Clusters

The factors which lead to the formation of dinuclear compounds
containing M-M bonds of multiple order rather than to the formation
of polynuclea r or cluster compounds in wh ich the meta l atoms form a
greater number of a—bonds , both M-M and M-L through the agency of
bridging ligand atoms is not well understood. The size of the
ligands and their ability to form bridges are, however , clearly
two important factors and this is illustrated in the following .

I. Cl-for—NMe—groups substitution in M2 (NMe2)6 compounds
yield ultimately cluster compounds [MC l3]~~, though the initia l
steps involve dinuclear compounds of the ethane-like type eg.
M2C12 (NMe2)4 compounds.87

2. Alkoxides of Mo (III) and W (iii) exist in the dinuclear
M-M triple bonded form only when the R group is bulky.39 For
molybdenum the neopentoxide exists in both the dinuclear and
polymeric forms. The ethoxide is tetrameric and diamagnetic in
solution and shows ions Mo4 (OEt) 12+, and Mo3 (OEt)9+ 4.n the mass
spectrometer.39 For tungsten only the very bulky triethylsiloxy
and t—butoxy u ganda give dinuclear compounds. The less bulky
i soproproxy and neopentoxy groups give tetranuclear compounds.88

A black crystalline tetra riuclear compound has been structurally
characterized88 and the W4014 skeleton is shown in Figure i14 .

Originally this compound was believed to be W4 (OPr
1) 12 (HOPr

1)2
having one of the Pr 1OH ligands coordinated to ea ch of the termina l
tungsten atoms.32 Viewed in this manner the compound provides a

— 

~- model for the first step of the polymerization of W2 (OPr’)6, a
process which is in this cases halted by the coordination of
Pr 1OH to the termina l tunsten atoms . However , recent studies
cast doubt about the validity of this view. There is no direct
spectroacopic evidence for the presence of the hydroxyl group.88

Furthermore, addition of pyridine, even dissolving the compound
in pyridine does not lead to the expected displacement of isopropanol

and formation of W2 (OPr
i) 8 (py ) 2 •  The latter is formed in the reaction

between W2 (NMe 2)5 and Pr 1OH in pyridine and has been shown7 1 to

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~ 
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adopt a structure akin to tha t of Mo2 (OSiMe a)t; (HNMe 2)2 (see Figure
14) which has a M M unbridged by ligand atoms .

A plaus ible rationale for the above and for the observed
W(2)—W(1) distance of 2.146 ~~~~, which is longer than any other W W
bond distance (see Table 2 ) ,  is that the tetranuclear compound is
a product of oxidative addition of a Pr10-H group to a W W bond:
W2(OPr~i6 + Pr 3’O—H —+ [w2 ( ~ —H ) (OPr’)7]2. The centrosymxnetric
molecule would then contain tungsten atoms in the ir forma l oxidation
state 14; ea ch tungsten a tom would be in a six coordinate env ironment
and the hydrogen atoms would bridge w (2)—w (1) and W (1) ‘-w (2)’ in
positions which are respectively trans to the long terminal Pr10
u ganda 0 (2) and 0 (2)’. The presence of the bridg ing hydrogen
a toms remains to be established, however.

A very recent report by McCarley and his co-workers89 describes
the dimerization of two M-M quadruply bonded units to give tetra-
metal analogue of cyc].obutadiyne: 2 M02X4 (PR3)2 ~MeOH)2 —b

MO 4X8 (PR3)4  + 14 MeOH , see scheme k.
Potentia l Cata lytic Reactions

The ability of compounds containing M-M multiple bonds to

enter into reactions well documented in mononuclear organotransition

metal chemistry suggests that they may prove of catalytic significance .

Indeed certain catalytic sequences are already suggested . For

example, the ability of Cp2Mo2 (CO)4 to coordinate unsaturated
molecules that are four—but not two—electron donors raises the
potential for selective hydrogenation catalysis: Cp2Mo2 (CO)4 + un —~~~

Cp2MO2 (CO)8(unh Cp2Mo2 (CO)4(un) + H2 —
~~~ Cp2Mo2 (co ) 4 + unH2.

In the absence of molecular hydrogen and under slightly more forcing
conditions cata lytic cyclooligomerizations may prove possible.
This is suggested by the reaction sequences shown in Scheme 3
where un = RC~~R.

Conclusions

1. Dinuclear compounds containing M-M multiple bonds undergo

reaction of the type well documented in mononuclear transition
metal chemistry . However, at a dinuclear center multistep processes  
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are more often triggered. This is well exemplified by oxidative
addition reactions , Mo24+ —

~~~~~ Mo2~~ , which occur with Lewis
Base association via intramolecular metal—ligand—meta]. bridge
formation.

2. Reactions which lead to stepwise changes in M—M bond
order are known and may involve either a change in oxidation
state or cc~ordinatjon number of the metal, or both. At present
it is not possible to predict genera lized reactions which will
yield such changes in M—M bond order because of the uncerta inties
that surrcund accompanying ligand rearrangements.

3. Little detailed mechanistic info rmation is currently
available about reactions at dinuclear centers. This clearly is
an important area for future research.

k. Small unsaturated molecules (C~~ , C~N, C C c , CE O ) react
readily with M-M multiple bonds. Often, but not exclus ively, the
unsaturated molecule coordinates to the dinuclear center in a
manner which is quite different from that observed in mononuclear
chemistry eg. as shown in Figure 12. The potential for carrying
out catalytic reactions involving these unsaturated molecules
has been recognized.

5. ‘~‘he formation of new cluster or polynuclear compounds
from dinuclear M-M multiply bonded precursers has been recognized
and indeed shown to occur when steric factors permit association.
The potential for heteronuclear cluster synthesis by metathetic
reactions involving organometallic anions and dinuclear complexes
containing substitutionally labile ligands such as Cl remains to
be explored.

6. Fina lly it should be noted that this account has dea lt
exclusively with homodinuclear compounds of molybdenum and
tungsten. Synthetic routes to mixed metal dimers such as
M0W (O2CCMe3)49° (Mo w) are becoming known. It seems likely
that in the near future heterodinuclear compounds containing more
exotic combinations of metals will be prepared. The recent
isolation by Wilkinson and his co—workers 91 of (Me3SiCH2)214(CH2-S(Me)2cff2)—

M (PR 3)3 (M Mo, 2.16 ~) shows that a M-M quadruple bond can be

- 
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- supported between two molybdenum atoms which differ in both

o~ddation state ~~~~ 140111 ) and coordina t ion number 04 , 3) .  The
formation of isoelectronjc series of dinuclear transition
complexes involving say W W and ~a Re centers (of N N
and C 0) seems very likely.
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Tabl9 1. Meta l-Meta l Distances in Some Compounds Containing M—M
Quadruple Bonds CM — Mo , w)

Compound 14-14 Ref.

M02(2,6-C6H3 (OMe)2)4 2.065(1) a
1402 (O2CH) 4 2 .C91(2 ) b
1402 (O2CCMe3) ~ 2.088 (1) c
Mo (O2CCF3)4 2 090(4) d
K2M02C19~~2H2O 2.139 (14) e
Li4Mo2Me8.4THF 2.1147(3) f
1(41402 (SO4 )  , •2H20 2. 110 (3) g

I 

- 

1402 (S2COEt) 4 ’2THF 2.125 (1) h
Mo2 (allyl)4 2.183(2)
MoW (O2CCMe3)4 2.080 (1) j
Li4W2Cl,~Mee_x

.4THF 2.261 (2) k
W2 (c8H9 ) ~ 2.375 ( 1) 1
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Table 2. Lengths of M-M Triple Bonds in Compounds of the Types
M2L8, M2L4X2 and Some of their Adducts

Compound M-M, ~M M 0  1 4 W

M2(CH2SiMe3)6 2.l67(?)a 2 255(2)
b

M2 (NMe2)6 2 2114 (3 ) C

M2 (OCB2CMe3)6
M2(OSiMe3)6(NHMe2)2
M2 (OPr1)6(py)2 ---
M2 (OBut) 4 (O2COBu

t)2 2.2141 (1)h

M2 (O2CNMe2 ) 6  ———
M2Me2(O2CNEt2)4 -—— 2.272(1)

1

M2Me2 (N Me2 ) 4  2 .201( 1)~
M2Me2(NEt2)4 ——-
M2C12(NMe2)4 2.201(2)1 2.285(2)1

M2C12(NEt2)4 ———
M2Br2 (NEt2)4 --- 2.301 ~21n

14212 (NEt2)4 ——— 2.300 ( 14) ”
4-

aF. Huq, W. Mowat, A. Shortland, A. C. Skapski, and G. Wilkinson,
Cheat. Commun ., 1079 (1971).
bM. H. Cbisholm, F. A. Cotton, M. W. Extine and B. R. Stults,
Inorg. Chew., ~~, 2252 (1976) .

C14~ H. Chisholm, F. A. Cotton, B. Frenz, W. W. Reichert, and
L. Shive, 3. Am. Cheat. Soc., .9~, 141469 ( 1976).
dM. H. Cbisholm , F. A. Cotton, M. W. Extine, and B. R. Stu].ts,
J. Am. Chew. Soc ., 9~, 141477 (1976).

H. Chisholm , F. A. Cotton, C. A. Murillo, and W. W. Reichert,
7. Am. Chew. Soc ., 99, 1652 (1977); Inorg. Cheat ,, 

~~~ 1801 (1977).

~M. H. Chisholm , F. A. Cotton, M. W. Extine and W. W. Reichert,
3. Am. Chew. Soc ., J&Q. 153 (1978) .

g
14• Akiyama, M. H. Chisholm, F. A. Cotton, M. W. Extine, D. A. - -

- Ha itko, D. LitLe, and P. E. Phanwick, results to be published. -
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Captions to Figures

Figure 1. Schematic representations of the two geometries
commonly found for Mo24’ containing compounds(Mo ~ Mo) having D4h symmetry.

Figure 2. Two ORTEP views of the Mo2 (NMe2)~ molecule showinghow the Mo2 (NC2)6 moiety has virtual D3d symmetry.
Figure 3. An ORFEP view of the W�Cl2(N~t2)4 molecule. Thecentral W2C12N4 group has C2h symmetry .
Fiqure 14. The 1402 (OSi)6 (NC 2)2 skeleton of the Mo2 (OSiMe3)5 (HNMe2)2molecule viewed down the Mo-Mo triple bond showing

the partially staggered conformation of the ligand atoms.

Yigure 5. The centra l W2C2(02c)4 skeleton of the W2(CH3)p (O2C14p1e2)4molecule which has virtual C2~, symmetry.

~i~ure 6. The central W2(02c)6 skeleton of the W2(O2CNMe2)6molecule with some pertinent bond distances.

Figure 7. The Mo2 (0) 6 (co) skeleton of the Mo2 (OBut)6 (CO) moleculetogether with some pertinent bond distances.
Figure 8. The central skeletons of the Mo2 (OPr

1
)8 and Mo2 (OPr1)6 (NO)2molecules together with some pertinent bond distances.These views empha size how each molybdenum a tom is in adistorted trigonal bipyramidal environment.

Figure 9. The high and low temperature limiting ‘H nmr spectra ofanti—W2Cl2 (NEt2)4 in toluene —d8 recorded at 100 MHz.
Figure 10. The low temperature limiting ‘H decoupled ‘3c nmr spectrumof anti and gauche Mo2 (Et)2 (NMe 2) ~ obta m e d at _6O0~ in

toluene—d8 at 270 MHz.

Figure 11. An ORTEP view of the Mo212 (S2cOEt)4 molecule viewed
perpendicular to the Mo - Mo bond .

Figure 12. Structural representation cf the compound once t~’cugheto be Mo2 (S2CNPr2)4 (Mo Mr) but shown by X-ray
crystallography to be r (Pr2NCS2) (Pr2NCS) (M-s)Mo 12.

Figure 13. Schematic representations of the Cp2Mo2 (C 0) 4 (un ) moleculeswhere A , un = RC CR; B, un = allene and C , un M.2NCNemphasizing the coordination of the central 1402 (ur~
) group.

Figure 114. An ORTEP view of the W4014 skeleton of the W2 (0Pr~) 14 (H)2molecule. The molecule has C~ symmetry. The loc~ L~onsof the hydride groups are not known but are believed to bsbridging W (2) —W (2) trans to W (2) —O (2) and w (1) ‘—W (2)
trans to w(2)’—O (2)’~ Some pertinent di~tances and anglesare w(1~ —w (2 ) = 2.146A , W ( 1) — w ( 1) ’ — 3.3QA and w (1)—w(1)’—W(2 ) ’ angle = 1140°.
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